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TECHNICAL MEMORANDUM 


SPACL SHUTTLE- MOLECULAR SCATTERING 
AND WAKE VACUUM MEASUREMENTS 


INTRODUCTION 


The use of space for the processing of materials is receiving renewed interest 
now that the space shuttle fleet can provide access to low-Earth orbit on a more or 
less routine basis. The experiments being carried out at present utilize the micro- 
gravity aspect of orbital flight which provides a unique environment that can only 
be obtained for extended periods in spaceflight. 


Another aspect of spaceflight that may also be useful for the processing of 
materials is the use of space vacuum [1-3]. The residual- atmosphere at shuttle 
altitudes (250-300 km) is on the order of 10*^ molecules/cm^ which corresponds to 
pressures on the order of 10~ 7 Torr (10 - ^ Pascals) which is only a modest vacuum. 
However, orbital velocity is several times greater than the mean thermal speeds of 
the residual atmospheric molecules. Therefore the pressure observed from an orbit- 
ing spacecraft will have a strong anisotropy, as may be seen in Table 1. The values 
in Table 1 are calculated from the maximum densities [4] of atmospheric constituents 
at 250 km with a temperature of 1000 K and therefore represent worst-case estimates. 
The estimated wake fluxes are obtained by integrating the directional flux from a 
drifting Maxwell-Boltzman gas over the wake hemisphere (see Appendix A). These 
calculations assume no scattering or other interactions between the atmospheric 
molecules and molecules leaving the spacecraft. Such interactions can significantly 
alter these fluxes as will be shown in this paper. 


If the off-gassing or other molecular sources from the spacecraft can be kept 
sufficiently low so that the vacuum levels indicated in Table 1 can be approached, 
it would appear that the wake vacuum would be useful for a variety of applications 
where extremely high vacuums must be maintained. The most prevalent residual gases 
are He and atomic H from the high-speed tail of the Maxwell-Boltzmann distribution 
that can overtake the spacecraft. Heavier molecules such as C^, N2, HjO, etc. are 
virtually non-existent. Since such a system exhausts into half the universe, the 
pumping speed is virtually infinite and there are no walls to reflect unwanted 
contaminants. Heat can be rejected by radiating into space which acts as a 4 K 
sink. None of these capabilities are truly unique? they can be duplicated on Earth 

if sufficient care is taken. But it may eventually turn out to be simpler and more 

economical to carry out processes that require better than 10 Torr vacuum in 
conjunction with high heat and/or gas loads in the wake of a suitable orbiting 
vehicle. 

Such a facility was proposed several years ago by Melfi and Outlaw at NASA 

Langley [5]. After several years of feasibility study, NASA elected to postpone any 

additional development of the concept until the user community showed a more defi- 
nite interest. The Langley concept involved a large (3-5 m) shield that would be 
tethered or mounted on a boom several tens of meters away from the shuttle. This 
would reduce the scatterinq of molecules into the wake vacuum region from the 
shuttle-induced environment. 



A much simpler alternative for more modest vacuum requirements would be to use 
the shuttle itself as the wake shield. By flying with the belly in the ram direc- 
tion, the payload bay becomes a wakeshield vacuum facility of sorts. Of course the 
shuttle represents a large source of molecular contaminants, but most of these 
molecules will be moving away from the payload bay with little chance of returning. 
Therefore, it would seem that an experiment suitably protected from these outgoing 
molecules could attain a reasonably high vacuum level. The vacuum level that can be 
attained depends primarily on the shuttle-induced environment and its interactions 
with the ambient environment. Since such things are difficult to predict, reliable 
estimates of the vacuum levels that could be reached in the payload bay cannot be 
made apriori. However, since the shuttle-induced environment was of concern to the 
shuttle users community, NASA undertook a measurement program on the first several 
shuttle flights to characterize this environment. 

The purpose of this paper is to summarize what has been learned about the 
shuttle-induced environment and to attempt to place rough order-of-magnitude esti- 
mates on the vacuum levels in the payload bay for the purpose of assessing the 
feasibility of using the shuttle as a wake vacuum facility. 


SHUTTLE-INDUCED ENVIRONMENT MEASUREMENTS 


The first several shuttle flights carried an instrument package referred to as 
the Induced Environment Contamination Monitor (IECM) to assess the particle and 
gases environment in and around the payload bay [6] . Included in this instrument 
package was a quadrupole mass spectrometer similar to the spectrometers flown on 
Dynamics Explorer and Atmospheric Explorer [7] . One of the primary concerns about 
the shuttle environment was the induced H ? 0 column density from outgassing, water 
dumps, flash evaporator operation, and thruster firings. To obtain information on 
the column density of HjO and other species that absorb radiation in wavelengths of 
interests to astronomers, a collimator was placed in front of the mass spectrometer 
to restrict its acceptance to a cone of 10° half-angle or 0.1 steradian solid angle. 
The backscattered flux was measured at small angles relative to the velocity vector 
and the column density was computed from elementary scattering theory. 

The collimator is shown in Figure 1. It consists of three skimmers with get- 
ters to trap the off-axis molecules. This technique worked quite well for the 
measurements of primary interest. However, the subsequent off-gassing of the mole- 
cules trapped by the getters provides an instrument background that is higher than 
the expected wake environment for some species; hence, the fluxes and equivalent 
partial pressures of the trapped species in the wake region cannot be obtained 
directly. Some direct measurement of noble gases such as He and A are possible 
since they are not gettered by the zirconia. Other mass spectrometers have also 
been flown on early shuttle missions, but they were not oriented relative to the 
payload bay to observe the wake flux [8-9] . 

The observed ram-to-wake ratios for He are given in Table 2 along with the wake 
measurements. The ram measurements correspond to atmospheric concentration of He 
[10]. Also shown in Table 2 is the H 2 0 column density inferred from the mass 
spectrometer backscatter measurements. Note the large variations from mission to 
mission. (There are also variations during a particular mission; the values pre- 
sented here are representative after an initial off-gassing period.) STS-2 was 
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subjected to heavy rain prior to launch, and the porous tiles used in the thermal 
protection system may have carried large amounts of H 2 0 into orbit. STS-3 had a 
thicker water-resistant coating and was by far the "cleanest" flight monitored in 
terms of gaseous background. Also it was flown in an inertial attitude for most of 
the mission such that the shuttle z-axis (normal to the payload bay) usually came 
within 10-20 degrees of both the wake 'and ram direction during an orbital revolu- 
tion. This accounts for the stronger ram/wake modulation than was seen on other 
missions. STS-4 carried instruments that evolved Nj and He which probably accounted 
for the high level of He. It was also subjected to heavy rain and some hail damage 
prior to flight. In addition, the survey conducted by the IECM attached to the 
remote manipulator arm detected a significant leak in the freon cooling system which 
could effectively backscatter atmospheric molecules into the wake. Spacelab 1 
contained the large manned Spacelab module with its various fluid loops, multilayer 
insulation, paint, etc. that was exposed to space vacuum for the first time. Also, 
on this flight the IECM along with a number of other instruments was located on a 
pallet between the aft bulkhead and the Spacelab module which was partially in the 
field-of-view of the mass spectrometer. Therefore, molecules reflected from these 
surfaces contribute to the measurement. The Dynanr' is Explorer data are included to 
illustrate that extremely low vacuum levels can be achieved on the wake side of 
orbiting spacecraft. 

The STS-3 mission appears to represent what is possible to achieve on the 
shuttle as a wake vacuum facility if only modest care is taken to reduce the induced 
environment. Table 3 shows the partial pressures of various species observed in the 
wake configuration during this mission. Except for He and A these measurements are 
instrument background and, therefore, represent upper limits on the wake environ- 
ment. We will attempt lo estimate the wake environment for species othe- than He by 
indirect observations. Near the end of the mission the payload bay do-j.-s were 
closed and the mass spectrometer observed a rise in partial pressure of a number of 
species to equilibrium pressures shown in Table 4. This equilibrium is a result of 
molecules leaving the payload bay through the side vents (total area = 0.76 m 2 ) at 
the same rate they are evolving from various sources in the payload bay. From this 
consideration the source functions in Table 4 are estimated by assuming that mole- 
cules evolve uniformly from the payload bay area (86 m 2 ) at the rate they are pumped 
by the side vents. 

The column densities for each of these species with the payload bay doors open 
is estimated by assuming the source is distributed over a flat disc with area equiv- 
alent to the payload bay, which acts as a Lambertian emitter (see Appendix B) . 
Integrating the contribution from each element of the disc along the vertical axis 
from an observation point z Q above the plane of the disc to infinity (ignoring 
particles lost by scattering) the column density is given by 



where Q is the distributed source strength, <v> is the average molecular speed, and 
R q is the radius of the disc. The IECM mass spectrometer is located approximately 
1 m above the sill line of the payload bay which has an equivalent radius of 5.23 m. 

Note that the column density for H 2 0 obtained by this estimate is roughly an 
order of magnitude lower than the value inferred from the backscatter measurements 
in Table 2. This is because only sources of H 2 0 in the payload bay are considered 
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in this estimate. External sources such as outgassing from the tiles, thruster 
firings, flash evaporator operation, etc. would not be included in this estimate. 


BACKSCATTERING OF ATMOSPHERIC MOLECULES 


Using the column density estimates in Table 4, the contribution from atmos- 
pheric backscatter to the wake environment may be estimated. From elementary scat- 
tering theory it can be shown that the scattered flux incident on a surface arriving 
from an element of solid angle d(2 oriented at angle 0 with respect to the velocity 
vector and <p relative to the surface normal is, 

.(9,4>) 0a. 

— ~n = n A v a V*> cos ' 1 = A ' 0 (2) 

9 

where v ft is the ambient flux, N c is the induced column density, (9a./3u))g is the 
differential scattering cross section, and the subscript i refers to ambient or 
outgassing molecules. The differential scattering cross section may be approximated 
by assuming the outgassing molecules are at rest and are being struck by ambient 
molecules moving at orbital velocity. The expression is 
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where 8,. = nL m e ,8 = e ' , m. and nr are the masses of the colliding 

A A o o Ao 3 

molecules, 0 is the total molecular collision cross section, and t is the ccef- 

ficient of restitution (kinetic energy after the collision/kinetic energy before the 
collision) . 

Note that for 8^ - 1 this expression reduces to 
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0 < 9 < n/2 
7r/2 < S < v 


(4) 


For 8 > 1 real values for (da/dui) exist only for 9 < u/2. Hence no outgassing 
molecule can be scattered at angles greater than 90°, which means molecules leaving 
the payload bay in the wake configuration cannot return as a result of single colli- 
sions with the ambient molecules.* On the other hand, ambient molecules can be 
scattered into the wake region by collisions with outgassing molecules provided 

m A /m o < eV2 ‘ 


♦Since mean-f ree-paths at shuttle altitudes are on the order of 100 meters, multiple 
collisions need not be considered. 
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To estimate the amount of this scattering, 6 is set equal to w - which 
corresponds to the surface in question being oriented in the anti -velocity 
direction, and equation (2) is integrated over the wake hemisphere. The column 
density estimate from the closed payload bay measurements is along the vehicle 
axis. If the source is assumed to be Lambertian, the column will have a cosine 
dependence, hence N ($) ■ N cos $. The total flux of ambient molecules of species 
A scattered into the wake region by outgassing species 8 is given by 

tt/2 2 3 °a 

* A o " 2ir n A V A N c J 008 * Sln ♦ (to - ) d * * (5) 

' 0 1T-<f> 

The integral involves elliptic functions and was evaluated numerically. The results 
for the various interactions of interest are tabulated in Table 5 assuming elastic 
collisions (e * 1). These results are normalized by dividing each ♦ by ♦ and 

A|U A | 00 

may be thought of as a relative scattering efficiency for the collision in question 
as compared to a collision in which m A << m Q . As m A /m Q ■+• 0, (3o^/3w)g ♦ a AQ / 4ir, 
and the flux 4 is given by 
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A,0 


( 6 ) 


-fl —IS 2 

Using an average molecular diameter of 3 x 10 cm, a = 2.8 x 10 cm . Using 

AfU 

the number densities at 250 km in Table 1 and the estimated column densities in 
Table 4,* the backscattered atmospheric flux is computed by multiplying equation (6) 
by the normalized scattering efficiencies in Table 5 and summing over each possible 
collision pair. The results are shown in Table 6. 

For small acceptance angles typical of the collimated mass spectrometer, equa- 
tion (5) reduces to 


A4 


A,0 


n » v » N 
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where AH is the solid angle of instrument acceptance. This expression was used to 
compute the directional flux at 0 = it in Table 6. 


BACKSCATTERING FROM COLLISIONS WITHIN THE INDUCED ATMOSPHERE 


Consider an element of volume dV located some distance z above the observation 
point. The number of collisions per unit time between species 1 and 2 that scatter 
molecules of species 1 into solid angle du> is given by 

3a 

dN 1 - Rl n 2 <v 12 > dV — ) dw (8) 

a 


^Except for ^0 whose column density was taken from Table 2 
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where and n 2 are the number densities of the two species, <v 12 > is the average 
relative velocity, and * 8 the directional scattering cross section for 
direction a. 


If both molecules are moving away from the spacecraft, the center of mass has a 
net positive velocity in that direction, and the average velocity is given by 


v 

c 


"l jl » m 2 *2 

m 1 + m 2 


( 9 ) 


*► + 

where m^ and m 2 are the respective masses and v^ and v 2 are the average velocities 
of the two components. 


Elastic collisions in the center-of-mass system scatter isotropically and the 

magnitudes of the original velocities are retained; i.e., | u* ^ | * ) v * ^ | and 

|u' 2 | * | v * 2 1 where u' ^ and u' 2 are the post-collision velocities and the primes 

denote center of mass reference. The scatter angle o in the lab system is related 
to o' in the center-of-mass system by the vector diagram. 
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Note that v^ ’ > v in order to backscatter into angle a. Let the detector area dA 
subtend du) at z, fience du> * dA/z^. Also note that dV can be written z d," dz. 

Making these substitutions into equation (8) along with the result of equation (13), 


„• 2 , 12 r 1 ci dA .... 

dN 1 " n i n 2 <V 12> 2 dZ 47" l ~2 * (U) 

1 z 

Since ■ dN^/dA, the contribution from dz to the directional flux scattered 
opposite to the center-of-mass velocity may be written. 
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For simplicity's sake and since the ce .ter-of-mass velocity is predominantly in the 


z-direction, we will approximate (3$/3fl) 
v^, v 
backscatter. 


. « 04>/3£)) . Now it remains to express 

and integrate to obtain the directional 
The velocity of the center of mass can be expressed as 
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where i, j, k and are unit vectors and the x-axis is chosen as the direction of the 
radial component of the velocity of particle 1. The v^ ' is given by 
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The ratio of v /v ' can be written 
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where M ■ 
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This expression should be inserted into equation (15) which, in turn, should be 
integrated over all possible source locations and then averaged over the velocity 
distributions of v^ and v 2 » However, to obtain order-of-magnitude estimates, we 
will insert average values for v^ and v 2 , ignoring the small errors resulting from 
the fact that <v 2 >*<v> . To avoid having to integrate over all possible sources of 
both particles, average values for v 2x end v 2z are also used. 

The <v 2z > i« obtained by 

R R 

o o 

<V 2z > " J <v 2 > — F 5 — 2 ' 1/2 dn 2 / / dn 2' r2 * x2+ y2 * (19) 
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It is shown in Appendix A that 
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Note that for z << R Q , <v 2z > ♦ <v 2 >/2 and for z >> R Q , <v 2z > ♦ <v 2 >. 

+ 2 2 V 2 

The radial component of v is given by v 2r * [v 2 -v 2z 1 • The v 2x component 

is given by v 2r cos \ where X Is the azmuthial direction. The majority of the 
contribution comes from opposing collisions, i.e., v 2x < 0 (indeed for M > 1 this 
must be case for v c < v^); therefore, the average is taken as 
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The nund^er density of species 2 at height z may be estimated from 
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- z Q . Using the same expression for dn^ equation (IS) 


2 2 V 2 

where R* - (R c + z Q *) 
becomes 


!!i) 

an > 


O N N <v_> 
12 c 1 c 2 12 


4nR [ ( 1 + C 2 ) 1/2 “ ? ] 


/ [i - 


(i + ;V /2 


] 


(23) 


1 V 2 

/ (i - irr) 


u 2 * 5 2 ) 3/2 


dp 


where v /v^' is given by equation (18), ? = z/R ,5 ■ z /R , and p * r/R . This 

allows the directional backscatter to be written in°the ?orm 
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where F(£ ,M) is a dimensionless scattering function given by the integral in 
equation (23) that depends on the geometry and relative masses of the molecules. 

Introducing the following relations. 
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the integrations were carried out using Simpson’s rule. For M > 1,. contributions 
cease for z * R /2. Above this height the angles available to the colliding mole- 
cules are such ?hat the heavier molecule can no longer be scattered backward. For 
M < 1, backscatter can occur at larger values of z. For z >> R Q , 
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I 

v ♦ m 2 (v 1 -v 2 )/(m t +m 2 ) 
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For thermal velocities, v 2 
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This term will remain positive provided M < 3-2 3/ ^ 2 
case backscatter will be possible for all values of z. 


.r nij > 5.82 In this 

The integral becomes 
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provided M < 3-2 3 / 2 and ? q >> 1. 

The values for the integral in equation (23) are given in Table 7 for various 
combinations of molecular collisions assuming z Q = 0 and z Q = 0.2 R Q (sho^m in 
parentheses). Using the column density estimates in Table 4 (except for H 2 0) the 
backscattered directional flux is computed for each collision combination and summed 
to obtain the total directional backscatter flux fcr each species. The total return 
flux is estimated by multiplying the directional flux by it. The results are listed 
in Table 8 along with the wake environment from the ambient atmosphere and atmos- 
pheric backscattering from collisions with the induced atmosphere. 


DISCUSSION OF RESULTS 


The estimates of the various contribution to the wake environment are presented 
in Table 8 along with the measurements described previously. Note that the net 
partial pressures for H 2 0, N 2 , and 0 2 are well below the upper limit values set by 
the instrument background due to the collimator. The most abundant species in the 
wake environment should be O which cannot be observed directly with the type of mass 
spectrometer used on the IECM because O atoms do not survive the multiple collisions 
in the ionization chamber. Instead 0 atoms form other molecules such as 0 2 , CO, and 
C0 2 from such collisions. The measured upper limit for mass 28 is sufficient to 
account for both the expected N 2 and the CO formed from such reactions. 

The major discrepancies are in the comparison of the measured values of He and 
A with their expected values. Note that the measured value of He is more than an 
order of magnitude higher than estimated and A is more than 4 orders higher. It is 
difficult to understand how molecules as heavy as A could be backscattered by any of 
the mechanisms considered here. 
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The most likely source for these atoms would appear to be the aft bulkhead 
which subtends a small solid angle In the hemisphere above the aperture of the mass 
spectrometer. Since the getter Is not effective for noble gases, these molecules 
would be counted if they enter the aperture of the instrument. There are quantities 
of He stored in pressure spheres behind the aft bulkhead, and the contamination 
survey conducted with the IECM and the- remote manipulator system during STS-4 indi- 
cated a significant amount of He and A evolving from this region. If one assumes 
that the source rate for He identified in Table 4 is confined to the aft bulkhead, 
the source function would be 3.1 x 10 molecules/cm /sec. The aft bulkhead sub- 
tends approximately 0.025 sr from the entrance aperture at an average angle of -85*. 
The flux entering the aperture would be 

13 

4 = ± 1 — — 0.025 cos 85° = 2 x 10 10 cm* 2 sec* 1 , 
ir 


This corresponds to a pressure of 2 x 10” 11 Torr, which is the measured value. 
Similarly, if the source of argon observed during the payload bay door closing were 
confined to the aft bulkhead, Q would be 7.6 x 10 11 molecules cm* 2 sec -1 and the 
flux entering the instrument aperture would be 5.3 x 10 molecules cm sec . This 
would correspond to an equivalent pressure of 1.6 x 10~ 12 Torr which is close to the 
observed value of 1.1 x 10* 12 Torr. The source of this argon is not clear since 
argon is not used anywhere in the shuttle system. It was first thought that argon 

might be a contaminant in the He used for pressurization, but a check with the 

vendor revealed that the gaseous He supplied for use on shuttle was obtained from 
liquid He boiloff and contained less than 1 p/m argon. It is interesting to note 
that the ratio of He to argon observed in the wake is approximately the same as 

observed in the ram direction. It may be that the source of these molecules in the 

wake is off-gassing from the aft bulkhead after exposure to the ram flux. 


CONCUSIONS 

The IECM mass spectrometer flown on STS-3 indicated an upper limit of 4 x 10“ 10 
Torr in the wake of STS-3. This upper limit is set by the instrument background 
resulting from the zirconia getters in the collimator. Analysis indicates a worst- 
case estimate of 2 x 10“ 10 Torr background from atomic oxygen backscattered from the 
^-induced atmosphere. Direct measurments are needed to determine the actual atomic 
oxygen background since the scattering efficiences are not well known at the col- 
lision erargies involved. Unexpected helium and argon levels at 2 x 10* 11 Torr and 
1 x 10* * Torr, respectively, were observed in the wake presumably from the portion 
of the aft bulkhead in the field-of-view of the instrument. By moving an experiment 
above the payload bay using the remote manipulator arm it should be possible to 
achieve vacuum levels in the 10* 11 Torr range using the existing space shuttle. 
Ultimate vacuums in the 10* 13 -10“ 14 Torr range will require remote wake shields or 
free-flying satellites. 
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APPENDIX A 


For an observer moving with velocity relative to a system in which molecules 

have a Maxwell-Boltzmann distribution f(v) such that <v> = 0, the distribution 
function may be written 

.3. + 


_ m . + . + . 2 

3 , » , 3/2 - 2i5' V * V 3., 

d > * n fe) ' dv 


(A1) 


where v' = v - v . 


In the moving system the number of molecules whose motion is within the element 
of solid angle in the direction 8 relative to v q is found by replacing 
d 3 v' with v' 2 dft dv', or 


3/2 — (v ' + v ) 2 

df(v'h f m > ' 2kT o ,2. , 

- - = n r—— e v' dv' 

v 2xkT-' 


an '0 


U2) 


The vector quantity (v* + v^) 2 may be written 


+ .2 ,2 _ , „ 2 

(v* + v ) = v' - 2v' v cos 9 + v 

o o o 


(A3) 


The directional flux of molecules is given by 


M (9 , v .) dv . = y 

da ' da J 0 


or 


dt-* nV o „3/2 r® 3 -0(x 2 -2x cos 9+1) 

da j e = ~V2 e J * e 

TT O 


2 

where x = v’/v. and 8 = mv /2kT. The total flux on the ram face of a plate moving 

O O 

through a Maxwell-Boltzmann gas is given by 
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I 


it/2 


* *2 n [ sin 0 cos 0 — ) n <10 

ram 1 dft ‘ 0 

o 


b 3 n ’ aK ,3 e -6(x 2 * . ); ,/2 ae 8ln0 cos0 e 26, cosft 
n 1/ o o 


nv ~8 i /•> 

* = ~ 1 + erf(8 /2 )] 

ram 2 (ttB ) 1/2 


The overtaking flux on the wake side is given by 


$ , = -2tt / sin 0 cos 0 Q d0 

wake dft ' 0 


tt/2 


- 2nV o 0 3/2 f " 3 -0(x 2 + 1) r * a a 2 $* cos9 

0 jdxxe Jd0 sin 0 cos 0 e 


1/2 

n o 


n/2 


nv -0 , 

= I 2 t 6 1/2 " erfC(6 7 


As v Q ♦ 0, both of these expressions reduce to 


n r 2k^!^^/2 n /SkT'.l^ _ N<v> 
* = 2 ‘ 4 ^ ‘ ~ 


where <v> is the mean thermal speed of the gas. 

1/2 

For v Q >> <v>, 0 >> 1 and the asymptotic expansion for erf(0 ) may be em- 
ployed to give 


and 


nv -0 -0 

* ___ - {^—^rr + 1 + 1 - 6 


' ram 2 'm)' /2 


(TT0) 


1/2 


...] 


nv 


nv -0 

6 


-0 


wake 2 l (w0) 1/2 (ir0) 1/2 


^ “ 2? + 


nv e 
o 


-0 


4n 1/2 0 3/2 
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APPENDIX B 


Column Penalty 

Consider an observer z Q above a disc of radius R Q from which molecules are 
evolving at a rate Q per unit area. Assume the surface acts as a perfectly diffuse 
( T ambertian ) radiator so that the directional distribution function is given by 

g) .JL-jSai 

0 

which is the number of molecules per unit time emitted from an element into solid 
angle 3w in a direction 0 from the surface normal. We wish to find the number 
density along the z axis of the disc and the integrated column density above z Q . 

The contribution to number density from an element located at some distance y 
from the z-axis at z is 


dn 


(y»z) 


dN , , 

= AV (y ' 2) 


= f~) 


y»z 


Au> 

AV 


<T> 


where AV is the volume of the element in question and <t> is the average time the 
molecules remain in the volume. Since AV = r 2 Aw dr, <t> = dr <v -1 >, r 2 = y 2 + z 2 , 
cos 9 = z/r, and dA = 2iry dy. 


and 


dn 


(y,z) 



> z dA 


, 2 . 2 
it (y + z 


3/2 

) 


(z) 


- 2Q<v~ 1 > z / ° —* -3 2 - 


o , 2 A 2. 

(y + z ) 


3/2 


= 2Q<v‘ 1 > (1 - 


(Z 2 + R V /2 
o 


) • 


If a Maxwellian distribution is assumed, it is easy to show that 


<v -1 > 


_4 

ir<v> 


(B2) 
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TABLE 6. WAKE ENVIRONMENT FROM AMBIENT MOLECULES BACKSCATTEKED BY COLLISIONS 
WITH THERMAL MOLECULES IN THE INDUCED ENVIRONMENT 
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